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Regulatory T cells (Tregs) are a subpopulation of T cells that maintain immunological
tolerance. In inflammatory responses the function of Tregs is tightly controlled by
several factors including signaling through innate receptors such as Toll like receptors
and anaphylatoxin receptors allowing an effective immune response to be generated.
Protease-activated receptors (PARs) are another family of innate receptors expressed on
multiple cell types and involved in the pathogenesis of autoimmune disorders. Whether
proteases are able to directly modulate Treg function is unknown. Here, we show using
two complimentary approaches that signaling through PAR-4 influences the expression
of CD25, CD62L, and CD73, the suppressive capacity, and the stability of Tregs, via
phosphorylation of FoxO1 and negative regulation of PTEN and FoxP3. Taken together,
our results demonstrate an important role of PAR4 in tuning the function of Tregs and
open the possibility of targeting PAR4 to modulate immune responses.
Keywords: protease activated receptor 4 (PAR4), regulatory T cells (Tregs), immunoregulation, PI3K/Akt signaling
pathway, phosphatase and tensin homolog on chromosome 10 (PTEN), forkhead box protein O1 (FoxO1)
INTRODUCTION
Accumulated evidence suggests that both innate and adaptive immunity are involved in regulating
inflammatory responses in diverse diseases including infection, autoimmunity and transplant
rejection though precise mechanisms are still unclear (1). Tregs are immunosuppressive cells
that maintain tolerance to self and immune balance (2, 3), as well as promoting tolerance
toward alloantigens in a transplant setting (4, 5). Thymus-derived Tregs are characterized by a
constitutively high expression of CD25 and the master transcription factor FoxP3. Mice deficient
in FoxP3 exhibit systemic autoimmune disease and the Tregs have an impaired suppressive capacity
in vitro, highlighting the importance of FoxP3+ Tregs in vivo (6–8).
The function of Tregs is tightly controlled in vivo to ensure that self-tolerance is maintained
whilst protective immune responses can be elicited. Various molecular signals are capable of
manipulating the function of Tregs including signaling through innate receptors such as Toll
like receptors (TLRs) (9, 10) and anaphylatoxin receptors (C3aR/C5aR) (11, 12). Signaling
through these receptors downregulates FoxP3 expression which causes Tregs to adopt an
effector T cell function (13, 14), ultimately causing autoimmunity (15, 16), or transplant
rejection (17–19). The precise mechanisms behind how these signaling pathways alter the
function of Tregs are not fully understood, although recent studies have suggested PTEN
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is important. In Tregs, PTEN dephosphorylates Akt which
enhances the activity of the transcription factor FoxO1, resulting
in increased FoxP3 expression (20, 21).
Protease-activated receptors (PARs) are a family of innate
G-protein-coupled receptors which comprises four members;
PAR1, 2, 3, and 4 (22–25). PARs are expressed on a variety of
cell types (26) and their expression is dramatically increased
during infection, trauma and tissue necrosis (27–29). PARs are
activated by serine proteases which cleave an extracellular region
of the receptor, exposing an “internal ligand” which facilitates
signal transduction. The serine protease thrombin, an important
enzyme involved in hemostasis and thrombosis can activate PARs
1, 3, and 4 but the efficiency with which this is achieved differs
between PARs. Importantly, higher concentrations of thrombin
are required to activate PAR4 compared to PAR1 (25, 30).
Thrombin is an important modulator of inflammation. In
vivo administration of thrombin has been shown to induce
systemic autoimmunity (31) whilst inhibition of thrombin can
ameliorate collagen induced arthritis (32), suggesting that serine
proteases act as danger signals. Whilst some of the observed
impact of thrombin is mediated via thrombosis, there are
important lines of evidence to suggest that signaling through
PAR is a predominant mechanism. Specifically, in vivo PAR1
activation causes mice to develop inflammatory bowel disease
(IBD) whilst PAR1 inactivation or PAR1 deficiencies reduce
the severity of IBD (33). Our previous work has highlighted
the critical role that thrombin, acting predominantly through
PAR1, plays in various models of acute and chronic vascular
inflammation, being required for generation of local chemokine
gradients and recruitment of inflammatory leukocytes (34, 35)
and for production of growth factors involved in hyperplastic
vascular disease (36). Furthermore, in vivo activation of PAR4
leads to inflammation and exaggerates ischemia reperfusion
injury (37, 38). The immunoregulatory effects of PAR1 and
PAR4 have also been demonstrated in experiments where the
action of serine proteases was blocked by the administration
of protease inhibitors α1-antitrypsin (AAT) or anti-thrombin
III (ATIII). Treatment with AAT prevented allogeneic islet
transplant rejection and the development of experimental
autoimmune encephalomyelitis (EAE) and correlated with an
increase in the number of FoxP3+ cells in vivo (39, 40).
Similarly, ATIII administration prevented hyperacute lung
rejection and induced indefinite survival of heart allografts,
but only at a high dose (500 U/Kg) (41, 42). Finally, we have
previously demonstrated the immunoregulatory influence of
PAR2 signaling on antigen presenting cells and CD4T cells
in mouse models of inflammation (43). These studies suggest
that modulation of serine protease activity or PAR signaling
promotes immunoregulation via downstream signaling pathways
on multiple cell types.
In this study, we assessed whether the presence or absence of
signaling through PAR4 impacted Treg function and influenced
immunoregulation. We show that Tregs from mice deficient
in PAR4 or WT Tregs following treatment with a PAR4
antagonist, express higher levels of key regulatory molecules and
exhibit an enhanced suppressive capacity in vitro and in vivo.
Furthermore, we demonstrate that activation of PAR4 on murine
Tregs inhibits their function via Akt dependent phosphorylation
of the transcription factor FoxO1 which, in turn, negatively
regulates PTEN and FoxP3. Altogether, the data presented here
demonstrate that PAR4 signaling inhibits the function of Tregs
and suggest that targeting PAR4 on Tregs can be a novel
therapeutic strategy.
MATERIALS AND METHODS
Mice
WT C57BL/6 (WT), BALB/c and transgenic CD45.2+ C57BL/6
mice were purchased from Charles River. Transgenic CD45.1+
C57BL/6, CD45.2+Rag2−/− and PAR4−/− mice weremaintained
under sterile conditions (Biological Services Unit, New Hunt’s
House, King’s College London). Procedures were carried
out in accordance with all legal, ethical and institutional
requirements (PPL70/7302).
Treg Isolation and Culture
CD4+CD25+ T cells were enriched from the spleen and LNs of
WT C57BL/6 or PAR4ko mice either by cell sorting, or using
the Dynabeads Flowcomp murine CD4+CD25+ Treg cells kit
(44), as per manufacturer’s protocols (ThermoFisher Scientific,
Paisley, Renfrewshire, UK). The purity of CD4+CD25+ cells by
both methods were over 95% (Supplementary Figures 2A,B).
Enriched Tregs were stimulated using either plate-bound anti-
CD3 (2µg/mL, BD Biosciences, Franklin Lakes, NJ, USA) and
anti-CD28 (4µg/mL, R&D systems, Abingdon, Oxfordshire,
UK), for short-term cultures (3–6 days) or in suppression
assay in vitro (described below). All cells were cultured
in complete media consisting of RPMI-1640 supplemented
with 10% fetal calf serum, 100 U/mL penicillin, 100µg/mL
streptomycin, 2mM L-glutamine, 10mMHEPES and 50µM β2-
mercaptoethanol (all from ThermoFisher Scientific) and Treg
cultures were supplemented with 10 U/mL recombinant human
IL-2 (Proleukin-Novartis, Camberley, Surrey, UK).
Flow Cytometry and Cell Sorting
Cells were stained with fluorescently-conjugated antibodies
specific for CD19 (clone: 1D3), CD4 (clone: GK1.5), CD8 (clone:
53-6.7), CD25 (clone: PC61.5), FoxP3 (clone: FJK-16s), CTLA4
(clone: UC10-4B9), CD103 (clone: 2E7; all from ThermoFisher
Scientific); CD3 (clone: 145-2C), CD62L (clone: MEL-14),
CD73 (clone: TY/11.8), CD45.1 (clone: A20), CD45.2 (clone:
104; all from Biolegend, London, UK); Neuropilin-1 (R&D,
Minneapolis, MN, USA); pSTAT5 (Cell Signaling Technology,
Danvers, MA, USA) and PAR4 (Bioss Antibodies, Woburn,
MA, USA). Dead cells were excluded using LIVE/DEAD
Fixable Near-IR Dead Cell Stain Kit (ThermoFisher Scientific).
Intracellular staining of FoxP3 and CTLA4 was performed using
the FoxP3/Transcription Factor Staining Buffer kit (eBioscience,
Santa Clara, CA, USA). Cells were acquired and sorted using
LSRFortessa II and FACSAria II, respectively. Data were analyzed
using FlowJo 10 software (Tree Star, Ashland, OR, USA). For
detection of PAR4, Tregs were first stained for CD4 and CD25,
fixed/permeabilized and stained for PAR4 and analyzed by flow
cytometry. For detection of phosphorylated STAT5, Tregs were
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starved for 2 h at 37
◦
C before being cultured in the presence
of 20 U/mL IL-2 for 30min. Cultured cells were harvested and
fixed/permeabilized for 10min before being incubated with an
unconjugated pSTAT5 antibody followed by detection antibody
(anti-rabbit IgG-AF-488, ThermoFisher Scientific) and analyzed
by flow cytometry.
Detection of PAR4 Expression
Total RNA was isolated from Tregs using TRIzol R© Reagent,
as per manufacturer’s protocols (ThermoFisher Scientific), and
cDNA was subsequently generated using the GoScript Reverse
Transcription system (Promega UK, Southampton). PCR
reaction was performed using 2 µL cDNA (reflecting 0.2 µg total
RNA), 12.5 pmol of a forward (FWD) and reverse (REV) primer
and GoTaq R© Master Mixes (Promega) with the following the
cycling condition: denaturation at 95
◦
C (20 s), annealing at 60
◦
C
(45 s) and extension at 72
◦
C (20 s); 40 cycles. PAR4 expression
was examined with FWD 5′-GTACCAGGGGAAGCCATGAAG-
3′ and REV 5-TCATGAGCAGAATGGTGGATGG-3′
primers (MGI: 1298207) and 18S as a housekeeping gene
with FWD 5′-AGAAACGGCTACCACATCCA-3′ and
5′CCCTCCAATGGATCCTCGTT-3′ primers (GeneBank:
X56974). Amplified PCR products (195 bp for PAR4 and 158bp
for 18S) were visualized on 1.5% agarose gels.
In vitro Suppression Assay
The suppressive activity of Tregs was determined by measuring
their ability to inhibit PAR4ko CD4+CD25− responder T cells
(Tresps) proliferation upon co-culture with PAR4ko antigen
presenting cells (APCs). Tresps were isolated from the spleen
and LNs of PAR4−/− mice using the murine CD4+CD25+
Treg cells kit (ThermoFisher Scientific) as per manufacturer’s
protocols. Similarly, APCs were isolated from the spleen and LNs
of PAR4−/− C57BL/6 mice using a negative selection protocol
established in the lab (45) whereby T cells were labeled using
anti-CD4 and anti-CD8 antibodies (YTS-191 and YTS-169,
respectively) and removed using anti-rat IgG-coated beads and
a magnet.
Suppression assays were set up by co-culturing 0.5 × 105
WT Tresps with 1 × 105 WT APCs in the presence of 1µg/ml
anti-CD3ε antibody (ThermoFisher Scientific). WT or PAR4
−/−
Tregs were added to co-cultures such that desired Treg:Tresp
ratios were obtained.
In some assays where PAR4 on Tregs was blocked or
stimulated, WT Tregs were used and co-cultured with KO
Tresps at a 1:2 Treg:Tresp ratio in the presence of KO
APCs. Mouse PAR4 antagonist (trans-Cinnamoyl-Tyr-Pro-Gly-
Lys-Phe-NH2, tcY-NH2) or agonist (Ala-Tyr-Pro-Gly-Lys-Phe-
NH2, AY-NH2; Bio-Techne, Minneapolis, MN, USA) were used
at a concentration of 50µM and human α-thrombin (HTI;
Essex Junction, VT, USA) was used at concentrations from 10
to 200 nM. Thrombin inhibitor hirudin (200 nM; Sigma-Aldrich,
MO, USA) or protease inhibitor cocktail (0.1%; Sigma-Aldrich,
MO, USA) was also used.
Co-cultures were incubated at 37
◦
C (5% v/v CO2) for
72 h after which Tresp proliferation was measured. This was
accomplished either by CFSE dye dilution, where Tresps
were labeled with 0.5µM CFSE prior to co-culture, or by
3H-thymidine incorporation, where 1 µCi/well 3H-thymidine
(Perkin Elmer UK, Beaconsfield) was added for the last 18 h
of culture.
Cytokine Analysis
IL-2, IFNγ, IL-10, and TNFα production wasmeasured in culture
supernatants using a cytometric bead array (CBA, BD, Oxford,
Oxfordshire, UK), as per manufacturer’s protocols.
Western Blot
Tregs were isolated and incubated in complete RPMI medium
for 2 h at 37
◦
C prior to assays being performed. WT cells were
then stimulated with 50µM mouse PAR4 agonist for 15min at
37
◦
C. Alternatively, WT and PAR4ko Tregs were stimulated with
plate-bound anti-CD3 and anti-CD28 antibodies for various
time points at 37
◦
C. Cell lysates were prepared in RIPA Lysis
and Extraction buffer (ThermoFisher Scientific) with protease
inhibitor cocktail (Merck) and proteins were separated on
pre-casted 4–12% mini gels (ThermoFisher Scientific) before
being transferred to immunoblots. Blots were blocked in 5%
BSA and labeled with primary antibodies specific for p-Akt
(Ser473), Akt, p-FoxO1 (Thr24), PTEN, and β-actin followed
by secondary HRP-conjugated antibodies (Cell Signaling
Technology), according to manufacturer’s recommendations.
Results were quantified by densitometry.
Skin Transplantation
Rag2−/− mice were reconstituted with 4 × 105
CD45.1+CD4+CD25− Tresps± 2× 105 CD45.2+CD4+CD25+
Tregs by intravenous injection 1 day prior to transplantation.
Skin transplantation was then performed as previously described
(44). Briefly, BALB/c tail skin grafts were transplanted onto the
Rag2−/− mice and protected with a plaster cast for 7 days. Grafts
were then monitored every 2–3 days for signs of rejection which
was defined as >80% necrosis, assessed by visual inspection.
Histological analyses were performed by H&E staining on grafts
which were rejected or harvested at day 65 or day 135 post-
transplant using Olympus BX51 microscope. The proportion of
CD45.1+ and CD45.2+ FoxP3+ cells in the draining LNs was
analyzed by flow cytometry at day 115.
Statistics Analysis
Data are expressed as mean ± SEM and statistical significance
was determined using an unpaired two-tailed Student’s t-test or a
two-way ANOVA as stated. In transplant experiments, statistical
differences in the survival time of grafts was determined using a
log-rank test.
RESULTS
In the Absence of PAR4 Signaling Tregs
Express Higher Levels of CD25, CD73, and
CD62L Molecules and Are More Stable
To investigate whether the expression of PAR4 influences Treg
phenotype, function and stability, these cells were studied in mice
lacking PAR4 (PAR4ko) and compared with the same population
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in wild-type (WT) mice. The percentage of CD4+CD25+
T cells were analyzed in the spleen (Spln) and peripheral
lymph nodes (LNs) by flow cytometry (gating strategy shown
in Supplementary Figure 1A). PAR4ko mice had significantly
higher percentages of CD4+CD25+ T cells (p < 0.05 and p <
0.005, respectively; Figure 1A) with increased levels of CD25
expression (MFI) compared to WT Tregs (p < 0.005 and p <
0.0005, respectively; Figure 1B). Next, we extended our analysis
to other important markers knowing to influence Treg function.
By gating on the CD4+CD25+ T cells, we observed that the
percentages of Tregs expressing CD62L+ (p < 0.005 and p <
0.0005, respectively; Figure 1C and Supplementary Figure 1B)
but not CD73+ (Figure 1E and Supplementary Figure 1C) were
significantly higher in PAR4ko compared to WT mice. However,
when the expression levels of CD62L and CD73 were analyzed
on CD4+CD25+ T cells, they were both significantly higher
in PAR4ko compared to WT animals (p < 0.05, p < 0.005,
p < 0.0005, and p < 0.0001, respectively; Figures 1D,F). In
contrast, there were no significant differences in FoxP3, CTLA-
4, neuropilin+ and CD103+ expression on CD4+CD25+ T cells
betweenWT and PAR4komice (Supplementary Figures 1D–G).
Overall, these observations suggest that Tregs derived from mice
lacking PAR4 have an increased percentage and expression of
some of the molecules known to relate to the function of Tregs.
To further dissect the role of PAR4 in Tregs, these cells were
purified from the spleen LNs of WT and PAR4ko mice. The
percentage of purity achieved was between 95 and 98% and
all the T cells that were CD4+ and CD25+ were also FoxP3+
(Supplementary Figures 2A,B). The lack of expression of PAR4
on highly purified Tregs from PAR4ko mice was confirmed
by PCR and flow cytometry (Supplementary Figures 2C,D) as
well as on total CD4+ T cells (data not shown). Purified Tregs
(CD4+CD25+ T cells) were then activated in vitro with IL-
2 alone or with a combination of plate-bound anti-CD3/anti-
CD28 antibodies and IL-2. After 3 days of incubation, the levels
of expression of FoxP3 and CD25 were significantly higher on
purified Tregs derived fromPAR4komice compared toWTTregs
(p < 0.05, p < 0.005, p < 0.0005, and p < 0.0001, respectively;
Figure 2A). To confirm that the higher expression observed in
PAR4ko Tregs was due specifically to the lack of PAR4 in Tregs,
WT Tregs were activated with plate-bound anti-CD3/anti-CD28
antibodies and IL-2 but also in the presence of a PAR4 antagonist
(tcY-NH2; Antag). As shown in Figure 2A the levels of FoxP3
and CD25 expression on the purified Tregs were increased in the
presence of the PAR4 antagonist.
Next, the stability of FoxP3 expression on WT and PAR4ko
Tregs was analyzed. After 3 and 6 days of activation with anti-
CD3/CD28 and IL-2, the proportions of WT Tregs expressing
FoxP3 was reduced from 90± 0.8% at 3 days to 66± 2.4% by day
6, whereas FoxP3 wasmaintained in PAR4ko (94± 0.9% at 3 days
and 90 ± 1.4% at day 6) (p < 0.05 and p < 0.0005, respectively;
Figure 2B). Overall, these results highlight the positive impact
that the absence of PAR4 has on the phenotype and stability
of Tregs.
Finally, the cell viability of WT and PAR4ko Tregs were
analyzed using live/dead near-IR dead cell stain kit. After 3 and 6
days of activation with anti-CD3/CD28 and IL-2, PAR4ko Tregs
FIGURE 1 | Tregs from PAR4ko mice express higher levels of CD25, CD62L,
and CD73 molecules. Cells obtained from homogenized the spleen, peripheral
lymph nodes (pLN) and mesenteric lymph nodes (mLN) of C57BL/6 WT (filled
bars) and PAR4ko (open bars) mice were analyzed using flow cytometry. The
percentage of CD25+ cells in the CD4+ T cells (A) and within the
CD4+CD25+ T cells the percentages of CD62L and CD73 (C,E) are shown.
The MFI levels for the same populations of these cells in (A,C,E) are shown in
(B,D,F). Graphs represent mean ± SEM from six mice per group. Data were
analyzed by unpaired two-tailed t-test. *p < 0.05, **p < 0.005, ***p < 0.0005,
and ****p < 0.0001 when WT and PAR4ko Tregs were compared.
had significantly less dead cells compared to WT group (p <
0.005, Figure 2C) at day 3 and 6 after activation, suggesting a role
of PAR4 signaling in cell survival.
Tregs in the Absence of PAR4 Have an
Augmented Suppressive Capacity
Compared to WT Tregs in vitro
Next we investigated the impact of PAR4 on the suppressive
capacity of Tregs. Highly pure Tregs isolated from the spleen
and pLNs of WT and PAR4ko mice were co-cultured with
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FIGURE 2 | PAR4 signaling regulates stability and survival of Foxp3+ Tregs in
vitro. CD4+CD25+ Tregs were freshly isolated from spleen and pLNs of WT
(filled bars) and PAR4ko (open bars) mice. The Tregs were activated with
anti-CD3/anti-CD28 in the presence of IL-2 for 3 days and in some cases
PAR4 antagonist (Antag) was added to WT Tregs. The MFI levels of FoxP3 and
CD25 expression were analyzed by flow cytometry (A). Flow cytometry
assessment of FoxP3 and CD25 expression on Tregs activated by
anti-CD3/anti-CD28 in presence of IL-2 for 3 and 6 days (B). Flow cytometry
assessment of live Tregs activated by anti-CD3/anti-CD28 in presence of IL-2
for 3 and 6 days (C). The cells were stained with live/dead near-IR dead cell
stain kit. Graphs show mean ± SEM from four experiments. Data were
analyzed by unpaired two-way t-test. *p < 0.05, **p < 0.005, ***p < 0.0005,
and ****p < 0.0001 in comparison between WT and PAR4ko Tregs.
CFSE-labeled responder CD4+CD25− T cells (Tresps) and
splenic antigen-presenting cells (APCs) isolated from PAR4ko
mice in the presence of anti-CD3 antibody (45). Tregs from
PAR4ko mice were significantly more efficient at suppressing
the proliferation of Tresps compared to WT Tregs (p < 0.0001;
Figures 3A,B). To quantify the suppressive potency of Tregs,
the Treg:Tresp ratio required to suppress 50% of the Tresps
proliferation (IC50) was calculated (46). PAR4ko Tregs had an
IC50 value of 0.12 compared to 0.72 for WT Tregs (Figure 3B),
suggesting that PAR4ko Tregs were 6-fold more efficient at
suppressing Tresps proliferation compared to WT Tregs. The
same results were obtained when the inhibition of Tresps
proliferation was measured using thymidine incorporation
(Supplementary Figures 3A,B).
Furthermore, the analysis of the cytokines revealed that the
immunosuppressive cytokine IL-10 was present in significantly
higher quantities in the supernatants of the Treg:Tresp co-
cultures when the Tregs were derived from PAR4ko compared
to WT Tregs (p < 0.0001; Figure 3C) whereas the opposite was
observed for IL-2, IFNγ and TNFα (p < 0.0001; Figure 3D),
further supporting the superior immunomodulatory function of
PAR4ko Tregs compared to WT Tregs in vitro.
To further validate the influence of PAR4 on Treg function,
the suppressive ability ofWT Tregs was evaluated in the presence
of the PAR4 antagonist (Antag) tcY-NH2 or agonist (Ag) AY-
NH2 (30, 47). As predicted, the suppressive capacity of WT Tregs
was significantly enhanced in the presence of the antagonist (p
= 0.0013; Figures 4A,B). In contrast, activation through PAR4
by the PAR4 agonist decreased the suppressive ability of the WT
Tregs (p = 0.0136; Figures 4A,B). To confirm the specificity of
PAR4 antagonist, the suppression assays were set up with PAR4ko
Tregs in the absence or in the presence of the antagonist. No
significant effect on the suppressive capacity of PAR4ko Tregs was
observed (Supplementary Figures 4A,B).
To investigate which component in the culture medium was
binding to PAR4 and allowed signaling through this receptor
in vitro, we explored first whether thrombin, a natural ligand
for PAR4, was present in culture and was responsible for the
differences in the suppressive ability observed in the presence
or absence of a functional PAR4 on Tregs. The suppression
assays were performed with WT Tregs in the presence of highly
specific thrombin inhibitor hirudin (Hir, 200 nM) or protease
inhibitor cocktail (known to inhibit serine and cysteine proteases
as well as aminopeptidases; 0.1%). As shown in Figures 4C,D, the
presence of the protease inhibitor cocktail but not hirudin could
enhance the suppressive capacity of WT Tregs (p = 0.0066),
suggesting that an unidentified protease other than thrombin
was responsible for our observations. However, to confirm that
thrombin has an effect on the suppressive capacity of WT Tregs,
thrombin was titrated into the suppression assays as shown in
Figures 4E,F. The suppressive ability of WT Tregs was reduced
in a dose-dependent manner (p = 0.0074, p = 0.0051, and p =
0.0020, respectively) and this effect was completely abolished by
the addition of hirudin (p= 0.0011). These results are consistent
with the hypothesis that an endogenous protease is responsible
for the baseline activation of PAR4 on WT Tregs.
PAR4ko Tregs Have a Superior Suppressive
Capacity Compared to WT Tregs in vivo
Given our initial in vitro observations of the consequences
of PAR4 expression on the regulatory ability of Tregs, the
function of Tregs was assessed in vivo using an adoptive
transfer model combined with a fully MHC-mismatched
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FIGURE 3 | Absence of PAR4 leads to the enhanced suppressive capacity of Tregs. CD4+CD25+ Tregs from WT spleen and pLN were purified and co-cultured with
PAR4ko Tresps and APCs in the presence of anti-CD3 for 72 h. Representative histograms showing the CFSE dilutions of Tresps cultured alone (No Tregs) or with
different numbers of WT or PAR4ko Tregs (A). Pooled data showing the percentages of suppression of WT and PAR4ko Tregs [p < 0.0001; (B)]. IC50 values
representing the Treg:Tresps ratio required to achieve 50% suppression are shown for the PAR4ko (triangles) and WT (squares) Tregs. Graphs show mean ± SEM
from six experiments. Data were analyzed by two-way ANOVA to compare between these two Treg groups. CBA analysis of cytokines IL-10 [p < 0.0001; (C)] and
IL-2, IFNγ, and TNFα [p < 0.0001; (D)] in the supernatants obtained from six suppression assays. Graphs show mean ± SEM from four experiments. Data were
analyzed by two-way ANOVA to compare between these two Treg groups with a sequential dilution.
skin transplant model. Rag2−/− mice were reconstituted
with CD45.1+ Tresps with or without CD45.2+ WT or
PAR4ko Tregs (2:1 Tresp:Treg ratio) and then transplanted
with BALB/c tail skin grafts after 24 h (44). Skin grafts on
mice that received Tresps only were rejected with a mean
survival time (MST) of 19 days (blue dotted line, Figure 5A).
Compared to the Tresps only group, skin graft survival was
significantly prolonged (MST = 70 days; p = 0.0005) when
recipient mice received WT Tregs (red dotted line, Figure 5A),
while indefinite survival was achieved when PAR4ko Tregs
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FIGURE 4 | PAR4 signaling modulates the suppressive capacity of Tregs. CD4+CD25+ Tregs from WT spleen and pLN were freshly isolated. Representative
histograms (A) and pooled data (B) showing in vitro suppression of CFSE-labeled PAR4ko Tresps by WT Tregs (filled bar; in the ratio of 2 to 1) in the absence or
presence of a PAR4 antagonist (Antag; open bar) or agonist (Ag; dotted bar) in 72 h suppressive assays co-cultured with PAR4ko APCs and addition of anti-CD3.
Graphs show mean ± SEM from four experiments. Data were analyzed by unpaired two-way t-test. *p < 0.05 and **p < 0.01 in comparison between the Treg groups
without or with PAR4 antagonist or agonist, respectively. Representative histograms (C) and pooled data (D) showing in vitro suppression of CFSE-labeled PAR4ko
Tresps by WT Tregs (filled bar; in the ratio of 2 to 1) in the absence or presence of thrombin inhibitor hirudin (Hir; dotted bar) or protease inhibitor cocktail (open bar) in
72 h suppressive assays. Graphs show mean ± SEM from four experiments. Data were analyzed by unpaired two-way t-test. **p < 0.01 in comparison between the
Treg groups without or with the cocktail, respectively. Representative histograms (E) and pooled data (F) showing in vitro suppression of CFSE-labeled PAR4ko Tresps
by WT Tregs (in the ratio of 2 to 1) in the absence (filled bar) or presence of thrombin (Thr) in different concentrations without (dotted bars) or with Hir (open bars).
Graphs show mean ± SEM from four experiments. Data were analyzed by unpaired two-way t-test. **p < 0.01 in comparison between the WT Tregs without or with
thrombin.
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FIGURE 5 | PAR4ko Tregs promote indefinite skin allograft survival in vivo. BALB/c skin graft survival was assessed in recipients Rag2−/− mice in which CD45.1+
Tresps only (blue dotted line, n = 6) or at a ratio 2 to 1 with CD45.2+ WT (red dotted line, n = 6) or PAR4ko (black solid line, n = 6) Tregs were adoptively transferred.
(A) Survival graph of skin allografts. Data were analyzed by Log-rank test. p = 0.0005, when Tresps with WT (or PAR4ko) Tregs were compared to Tresps only groups;
p = 0.0179, comparison between WT and PAR4ko Treg groups. (B) Representative H&E staining of skin grafts from recipient mice receiving Tresps only (day 20) or
Tresps with WT or PAR4ko Tregs (d65), or from Tresps with PAR4ko Tregs (d135). Bar, 50µm. Flow cytometry analysis of CD45.1+ and CD45.2+ population (C) and
the CD25+FoxP3+ cells in the CD4+ gated population of CD45.2+ cells (D) in the draining lymph nodes of the recipients receiving WT or PAR4ko Treg cells
sacrificed at d115. Graphs show mean ± SEM from four mice per group. Data were analyzed by unpaired two-way t-test. **p < 0.01 ***p < 0.001 when WT and
PAR4ko Treg groups were compared.
were administered (MST > 135 days, black solid line,
Figure 5A; p= 0.0005).
The morphology and cellular infiltration of the skin grafts
was assessed histologically with H&E staining. Skin grafts from
mice that received Tresps alone showed a dramatic loss of
the skin architecture and an extensive cell infiltration at 20
days post-transplantation (Top left, Figure 5B). Conversely,
grafts of mice that received Tresps with WT or PAR4ko Tregs
displayed a healthier morphology and fewer infiltrated cells
in PAR4ko Treg group at 65 days post-transplantation (Top
right and bottom right, respectively, Figure 5B). Importantly,
the skin grafts from mice that received PAR4ko Tregs the
skin architecture was nearly normal and very few infiltrating
cells at 135 days post-transplantation (Bottom left, Figure 5B).
Furthermore, the analysis of the draining LNs 115 days
after transplantation revealed a fewer number of CD45.1+
CD4+CD25− (p = 0.0006; Figure 5C) and a higher number of
CD45.2+ CD4+CD25+FoxP3+ cells (p = 0.0071; Figure 5D) in
recipient mice that have received PAR4ko Tregs compared to
mice that received WT Tregs.
Altogether, these findings suggest that Tregs expressing PAR4
are less potent in promoting skin transplant survival, highlighting
a functional role for this receptor in Tregs in vivo.
PAR4 Signaling Negatively Regulates the
Activity of FoxO1 and STAT5 via Akt
Having shown that in the absence of PAR4, Tregs had
higher expression of functional markers, increased stability
and augmented suppressive abilities both in vitro and in
vivo, the mechanisms by which PAR4 regulates Treg function
were investigated. Previous studies have indicated that PAR4
engagement activates downstream PI3K/Akt signaling cascades
in platelets (47). In Tregs it has been reported that increased PI3K
signaling and downstream Akt phosphorylation (48) inhibited
FoxP3 expression through the downregulation of PTEN, a potent
negative regulator of PI3K (49, 50). Given this we hypothesized
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FIGURE 6 | PTEN and Akt/FoxO1 links PAR4 signaling to regulate downstream pathways in WT Treg cells. Freshly isolated WT CD4+ CD25+ Tregs were stimulated
with PAR4 agonist for 15min. The levels of pAkt in these cells were analyzed by Western blots (A) and quantified against total Akt (B). Graph shows mean ± SEM
from four experiments. Data were analyzed by unpaired two-way t-test. *p < 0.05 in comparison between WT and PAR4ko Tregs. The Tregs were also activated with
anti-CD3/anti-CD28 for varied time points, and the levels of pAkt and pFoxo1 analyzed in western blots (C) and quantified against beta-actin [(D,E), respectively].
Graphs show mean ± SEM from four experiments. Data were analyzed by two-way ANOVA. P = 0.0071 and p < 0.0005, compared between WT and PAR4ko Tregs.
The level of total PTEN in the Treg cells from WT and PAR4ko mice was analyzed in Western blots (F) and quantified against beta-actin (G). Graph shows mean ±
SEM from four experiments. Data were analyzed by unpaired two-way t-test. **p < 0.001 in comparison between WT and PAR4ko Tregs. The Tregs were also
activated with IL-2 for 30min and then the MFI levels of pSTAT5 were analyzed by flow cytometry (H) and the cumulative data (I). Graph shows mean ± SEM from
three experiments. Data were analyzed by unpaired two-way t-test. *p < 0.05 in comparison between WT and PAR4ko Tregs.
that PAR4 signaling might control FoxP3 expression by altering
the Akt and PTEN pathways.
Highly pure WT Tregs were stimulated with the PAR4 agonist
AY-NH2 (50µM) for 15min and phosphorylation of Akt was
measured by Western Blot (Figure 6A). Significantly higher
levels of Akt phosphorylation were observed in the presence of
the PAR4 agonist (p= 0.0267; Figure 6B), compared to controls,
confirming that PAR4 engagement indeed triggered activation of
the PI3K/Akt pathway. To further investigate the downstream
consequences of this pathway, WT and PAR4ko Tregs were
activated with plate-bound anti-CD3/CD28 antibodies and
the phosphorylation status of Akt and FoxO1 was analyzed
(Figure 6C). Significantly higher levels of pAkt and pFoxO1
were observed in WT Tregs compared to PAR4ko Tregs, with
maximum phosphorylation at 5 and 30min post-activation,
respectively (p = 0.0071 and p < 0.0005; Figures 6D,E,
respectively). Consistent with these findings, the levels of PTEN
were higher in PAR4ko Tregs compared toWTTregs (p= 0.0082;
Figures 6F,G).
STAT5 phosphorylation is another intracellular signaling
pathway that has been shown to directly regulate the expression
and stability of FoxP3 through binding to the FoxP3 promoter
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(51). To assess whether this pathway was affected by the absence
of PAR4, the phosphorylation of STAT5 was measured in WT
and PAR4ko Tregs following stimulation with 20 U/ml IL-2 for
30min, as previous studies have shown that IL-2 signaling is
required for Treg development and function (52, 53). PAR4ko
Tregs had higher level of pSTAT5 after activation compared to
WT Tregs (p = 0.0474, Figures 6H,I). Taken together, these
observations show that PAR4 mediated PI3K/Akt signaling leads
to inhibition of FoxO1, PTEN and STAT5 activities, resulting into
the functional defect observed in PAR4+ Tregs.
DISCUSSION
Our study demonstrates for the first time the inhibitory role
that signaling through PAR4 has on Treg function. PAR4-
deficient mice were shown to have higher percentages of Tregs
in the spleens, peripheral and mesenteric LNs and PAR4ko Tregs
expressed higher levels of CD25, CD62L and CD73 molecules
compared to WT Tregs. We demonstrated that PAR4ko Tregs
had an enhanced suppressive capacity compared to WT Tregs
in vitro and in vivo. These results obtained with the PAR4ko
Tregs were confirmed by using WT Tregs and an antagonist of
PAR4. Finally the enhanced function of Tregs in the absence of
PAR4 signaling was associated with reduced PAR4-medited Akt
phosphorylation and an increased activity of FoxO1 and PTEN.
The results presented here highlight the importance of PAR4
ligation for the function of Tregs and possibly other cells of the
adaptive immune system.
PAR4 was initially described as a secondary thrombin receptor
which was less sensitive to thrombin-mediated activation than
PAR1 (25). During blood coagulation, immune cells including
Tregs can be exposed to a wide range of thrombin concentrations,
from picomolar to micromolar levels of 0.8∼1.4µM (30, 54,
55). This vast range of thrombin concentrations can have
very different effects on the function of local cells. Our data
suggests that thrombin ligation of PAR4 can impair the function
of Tregs in a similar manner to how platelets are affected
by activation of PAR4 (55). Alternative serine proteases have
also been reported to activate PAR4, such as Cathepsin G,
which is released by neutrophils, and mannose-binding lectin-
associated serine protease-1, an initiator of the complement lectin
pathway (56, 57). Our data using peptide antagonists of PAR4
indicate that PAR4 is being activated in our experimental system.
However, the lack of any effect of the highly specific thrombin
inhibitor hirudin indicates thrombin is unlikely to be present
in our culture system. In contrast, the capacity of the protease
inhibitor cocktail to enhance Treg function suggests that an
endogenous, as yet unidentified ligand of PAR4 is present in our
experimental systems.
The increased immunoregulation and the presence of Tregs
observed in murine transplant (39, 41) and EAE models (40)
following high-dose ATIII or AAT treatment might be explained,
at least in part, by the action of serine proteases influencing Treg
function through signaling via PAR4. Furthermore, this suggests
a physiological mechanism by which serine proteases, secreted
systemically or locally, can impact Tregs or other immune cells.
Indeed, we and others have shown that PAR signaling (PAR1
and 2) can modulate antigen uptake, priming, DC-mediated T
cell activation and migration (43, 58, 59) further suggesting that
PAR4 signaling may play an important role in immune balance.
The stability of FoxP3 and the high levels of expression of
CD25 molecules are important elements in the maintenance of
Treg function and protection from autoimmune disease (6, 7,
60, 61). The observation that these molecules are more stable
or expressed at higher levels on WT Tregs treated with a PAR4
antagonist suggests that stimulation through PAR4 negatively
regulates the stability and function of Tregs. This conclusion is
further accentuated by the fact that PAR4-deficient Tregs express
higher levels of functional molecules such as CD73 and CD62L,
relative to WT Tregs.
The degradation of ATP, ADP and AMP to adenosine,
achieved through the expression of CD73 and CD39 (62), and the
subsequent interactions with the A2AR receptor, are important
mechanisms by which Tregs function (63, 64). PAR4 signaling
has been shown to inhibit adenosine signaling in a rat myocardial
ischemia/reperfusion injury model (65), further supporting a
negative effect of PAR4 signaling on Treg function.
CD62L expression is also important to determine suppressive
capacity of Tregs. The CD62L+ subpopulation of Tregs has
been shown to possess more potent suppressive and proliferative
capacity in vitro than the CD62L− (66) and only CD62L+ Tregs
delayed the development of diabetes in an adoptive transfer
model (67) and protected mice from acute GVHD (68). Our
data showing that PAR4ko Tregs have higher levels of CD62L
might imply a relationship between these previously documented
observations and PAR4 signaling. More importantly, CD62L,
together with CCR7, is a key homing receptor for Tregs to
drive their migration to the secondary lymphoid tissues to
suppress unwanted immune responses as well as acquire optimal
immune regulatory activities (69–71). Higher expression of
CD62L in PAR4ko Tregs, compared to WT Tregs, may provide
an explanation for the increased number of FoxP3+ Tregs we
detected in the peripheral lymphoid tissues of reconstituted
Rag2−/− mice.
Our findings also explored the possible mechanisms
underlying the impact of PAR4 on Treg function. Although
TCR/CD28-induced PI3K/Akt signaling is required for FoxP3
expression and Treg development, Akt activation is also
known to inhibit FoxP3 expression by phosphorylation of the
downstream transcription factor FoxO1 (20, 72) and mTOR1
(73, 74). The former is a positive regulator of FoxP3, the lipid
phosphatase PTEN and the homing receptors CD62L and
CCR7. We observed that stimulating WT Tregs with a PAR4
agonist induced phosphorylation of Akt which is in line with
what has been observed in platelets (75, 76). Furthermore,
PAR4-deficient Tregs had decreased levels of Akt activation,
increased FoxO1 activity and an increased level of total PTEN
compared to WT Tregs. Based on the evidence that FoxO1 is
a pivotal regulator of Treg function (72) and from the results
in our study, we propose that PAR4 signaling is a negative
regulator of Treg function. Moreover, signaling via CD25
activates STAT5 to maintain FoxP3 expression in Tregs (51)
and our data demonstrate that PAR4ko Tregs have increased
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FIGURE 7 | Possible underlying mechanism of PAR4 signaling. PAR4
activation may directly activate PI3K/AKT pathway, which then upregulates the
activity of the downstream effector mTOR and downregulates the activities of
Foxo1 and PTEN, and subsequently controls the expression of Foxp3, CD25,
and CD62L. However, accumulation of excessive proteases at the sites of
inflammation may overregulate PAR4 signaling on various cell types including
Tregs, which then reduces function, stability, and mobility of Tregs. Moreover,
PAR4 activation may also negatively control adenosine pathway. Once
removing PAR4 signaling, the negative regulator, these Tregs possess “super”
capacity with a Foxp3high CD25high CD62Lhigh phenotype and are able to
induce immune tolerance.
level of pSTAT5, suggesting a mechanism by which PAR4ko
Tregs have an enhanced stability of FoxP3 expression. In
summary, we propose that PAR4-mediated Akt activation
inhibits FoxO1 activity and consequently downregulates
FoxP3, PTEN, CD25, and CD62L expression. Additionally,
the interference with the adenosine and STAT5 pathways
caused by PAR4 signaling is also likely to influence the function
of Tregs (Figure 7).
Apart from TCR and IL-2 signaling pathways, PAR4 signaling
is also likely that can cross-talk with several other signaling
pathways. One possible candidate is TGF-beta as it plays a
crucial role in the in vitro induction of Tregs (iTregs) (77, 78).
However, in vitro TGFβ-induced FoxP3+ iTregs are lack of the
epigenetic (79–81) and transcriptional (82, 83) signature of in
vivo generated FoxP3+ Tregs, which is reflected by variable
suppressive capacity (84) and unstable FoxP3 expression (79, 81,
85). Whether this feature is associated with PAR4 signaling needs
further investigation.
In conclusion, our findings demonstrate a novel
immunoregulatory role for PAR4 signaling in controlling
the function of Tregs. It seems reasonable to speculate that
PAR4-mediated signaling constrains the function of Tregs
early in an inflammatory/immune response, thereby allowing
an effective response to be generated against a pathogen.
As inflammation subsides and PAR4 signaling diminishes,
Tregs regain their potency and ability to prevent unwanted
autoimmunity that might otherwise be triggered. Finally, the
unique functional features exhibited by PAR4ko Tregs suggest
that modulating PAR4 signaling in Tregs could have therapeutic
benefit in autoimmunity and cancer.
ETHICS STATEMENT
Animal work was undertaken in accordance to home office
guidelines and under the home office license (PPL70/7302) which
was also approved by the KCL ethics committee.
AUTHOR CONTRIBUTIONS
QP: conception and design, collection and assembly of data,
data analysis and interpretation, and manuscript writing.
KR: technical support. DB: data collection and analysis
and intellectual input. JJ, ST, and DM: data collection
and analysis. LS: data interpretation, intellectual input, and
critical revision of the article. RL and AD: intellectual
input and critical revision of the article. GL: conception
and design and critical revision of the article for important
intellectual contents.
FUNDING
This work was supported by the Programme Grant from the
British Heart Foundation (BHF; grant no. RG/13/12/30395).
Furthermore, this work was supported by the Department
of Health via the National Institute for Health Research
Comprehensive Biomedical Research Center award to Guy’s
and St Thomas’ NHS Foundation Trust in partnership with
King’s College London and King’s College Hospital NHS
Foundation Trust.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2019.01311/full#supplementary-material
REFERENCES
1. Libby P, Ridker PM, Hansson GK. Progress and challenges
in translating the biology of atherosclerosis. Nature. (2011)
473:317–25. doi: 10.1038/nature10146
2. Itoh M, Takahashi T, Sakaguchi N, Kuniyasu Y, Shimizu J, Otsuka F,
et al. Thymus and autoimmunity: production of CD25+CD4+ naturally
anergic and suppressive T cells as a key function of the thymus
in maintaining immunologic self-tolerance. J Immunol. (1999) 162:
5317–26.
Frontiers in Immunology | www.frontiersin.org 11 June 2019 | Volume 10 | Article 1311
Peng et al. PAR4 Modulates Treg Function
3. Takahashi T, Kuniyasu Y, Toda M, Sakaguchi N, Itoh M, Iwata M,
et al. Immunologic self-tolerance maintained by CD25+CD4+ naturally
anergic and suppressive T cells: induction of autoimmune disease by
breaking their anergic/suppressive state. Int Immunol. (1998) 10:1969–
80. doi: 10.1093/intimm/10.12.1969
4. Joffre O, Santolaria T, Calise D, Al Saati T, Hudrisier D, Romagnoli P, et al.
Prevention of acute and chronic allograft rejection with CD4+CD25+Foxp3+
regulatory T lymphocytes. Nat Med. (2008) 14:88–92. doi: 10.1038/nm1688
5. Yamaguchi T, Hirota K, Nagahama K, Ohkawa K, Takahashi T,
Nomura T, et al. Control of immune responses by antigen-specific
regulatory T cells expressing the folate receptor. Immunity. (2007)
27:145–59. doi: 10.1016/j.immuni.2007.04.017
6. Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the development
and function of CD4+CD25+ regulatory T cells. Nat Immunol. (2003) 4:330–
6. doi: 10.1038/ni904
7. Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell
development by the transcription factor Foxp3. Science. (2003)
299:1057–61. doi: 10.1126/science.1079490
8. Khattri R, Cox T, Yasayko SA, Ramsdell F. An essential role for
Scurfin in CD4+CD25+ T regulatory cells. Nat Immunol. (2003) 4:337–
42. doi: 10.1038/ni909
9. Cao AT, Yao S, Stefka AT, Liu Z, Qin H, Liu H, et al. TLR4 regulates
IFN-gamma and IL-17 production by both thymic and induced Foxp3+
Tregs during intestinal inflammation. J Leukoc Biol. (2014) 96:895–
905. doi: 10.1189/jlb.3A0114-056RR
10. Nyirenda MH, Sanvito L, Darlington PJ, O’Brien K, Zhang GX,
Constantinescu CS, et al. TLR2 stimulation drives human naive and effector
regulatory T cells into a Th17-like phenotype with reduced suppressive
function. J Immunol. (2011) 187:2278–90. doi: 10.4049/jimmunol.100
3715
11. Kwan WH, van der Touw W, Paz-Artal E, Li MO, Heeger PS. Signaling
through C5a receptor and C3a receptor diminishes function of murine natural
regulatory T cells. J Exp Med. (2013) 210:257–68. doi: 10.1084/jem.2012
1525
12. van der Touw W, Cravedi P, Kwan WH, Paz-Artal E, Merad M, Heeger
PS. Cutting edge: receptors for C3a and C5a modulate stability of
alloantigen-reactive induced regulatory T cells. J Immunol. (2013) 190:5921–
5. doi: 10.4049/jimmunol.1300847
13. Strainic MG, Shevach EM, An F, Lin F, Medof ME. Absence of signaling into
CD4+ cells via C3aR and C5aR enables autoinductive TGF-beta1 signaling
and induction of Foxp3+ regulatory T cells. Nat Immunol. (2013) 14:162–
71. doi: 10.1038/ni.2499
14. Yang XO, Nurieva R, Martinez GJ, Kang HS, Chung Y, Pappu BP, et al.
Molecular antagonism and plasticity of regulatory and inflammatory T
cell programs. Immunity. (2008) 29:44–56. doi: 10.1016/j.immuni.2008.
05.007
15. André S, Tough DF, Lacroix-Desmazes S, Kaveri SV, Bayry J. Surveillance of
antigen-presenting cells by CD4+ CD25+ regulatory T cells in autoimmunity:
immunopathogenesis and therapeutic implications. Am J Pathol. (2009)
174:1575–87. doi: 10.2353/ajpath.2009.080987
16. Bettini M, Vignali DA. Regulatory T cells and inhibitory
cytokines in autoimmunity. Curr Opin Immunol. (2009) 21:612–
8. doi: 10.1016/j.coi.2009.09.011
17. Chandran SS, Verhoeven D, Teijaro JR, Fenton MJ, Farber DL. Engagement
of TLR2 does not reverse the suppressor function of mouse regulatory
T cells, but promotes their survival. J Immunol. (2009) 183:4458–
66. doi: 10.4049/jimmunol.0901465
18. Li XC, Turka LA. An update on regulatory T cells in transplant tolerance and
rejection. Nat Rev Nephrol. (2010) 6:577–83. doi: 10.1038/nrneph.2010.101
19. Porrett PM, Yuan X, LaRosa DF, Walsh PT, Yang J, Gao W, et al. Mechanisms
underlying blockade of allograft acceptance by TLR ligands. J Immunol. (2008)
181:1692–9. doi: 10.4049/jimmunol.181.3.1692
20. Kerdiles YM, Stone EL, Beisner DR, McGargill MA, Ch’en IL, Stockmann C,
et al. Foxo transcription factors control regulatory T cell development and
function. Immunity. (2010) 33:890–904. doi: 10.1016/j.immuni.2010.12.002
21. Ouyang W, Beckett O, Ma Q, Paik JH, DePinho RA, Li MO. Foxo proteins
cooperatively control the differentiation of Foxp3+ regulatory T cells. Nat
Immunol. (2010) 11:618–27. doi: 10.1038/ni.1884
22. Nystedt S, Emilsson K, Wahlestedt C, Sundelin J. Molecular cloning of
a potential proteinase activated receptor. Proc Natl Acad Sci USA. (1994)
91:9208–12. doi: 10.1073/pnas.91.20.9208
23. Vu TK, Hung DT, Wheaton VI, Coughlin SR. Molecular
cloning of a functional thrombin receptor reveals a novel
proteolytic mechanism of receptor activation. Cell. (1991)
64:1057–68. doi: 10.1016/0092-8674(91)90261-V
24. Vu TK, Wheaton VI, Hung DT, Charo I, Coughlin SR. Domains
specifying thrombin-receptor interaction. Nature. (1991) 353:674–
7. doi: 10.1038/353674a0
25. Xu WF, Andersen H, Whitmore TE, Presnell SR, Yee DP, Ching A, et al.
Cloning and characterization of human protease-activated receptor 4. Proc
Natl Acad Sci USA. (1998) 95:6642–6. doi: 10.1073/pnas.95.12.6642
26. Shpacovitch V, Feld M, Hollenberg MD, Luger TA, Steinhoff M. Role of
protease-activated receptors in inflammatory responses, innate and adaptive
immunity. J Leukoc Biol. (2008) 83:1309–22. doi: 10.1189/jlb.0108001
27. Matzinger P. Tolerance, danger, and the extended family. Annu Rev Immunol.
(1994) 12:991–1045. doi: 10.1146/annurev.iy.12.040194.005015
28. Melcher A, Gough M, Todryk S, Vile R. Apoptosis or necrosis for
tumor immunotherapy: what’s in a name? J Mol Med. (1999) 77:824–
33. doi: 10.1007/s001099900066
29. Savill J. Apoptosis. Phagocytic docking without shocking. Nature. (1998)
392:442–3. doi: 10.1038/33025
30. Kahn ML, Zheng YW, Huang W, Bigornia V, Zeng D, Moff S, et al. A dual
thrombin receptor system for platelet activation. Nature. (1998) 394:690–
4. doi: 10.1038/29325
31. Schoenecker JG, Johnson RK, Lesher AP, Day JD, Love SD, HoffmanMR, et al.
Exposure of mice to topical bovine thrombin induces systemic autoimmunity.
Am J Pathol. (2001) 159:1957–69. doi: 10.1016/S0002-9440(10)63
043-X
32. Marty I, Péclat V, Kirdaite G, Salvi R, So A, Busso N. Amelioration of collagen-
induced arthritis by thrombin inhibition. J Clin Invest. (2001) 107:631–
40. doi: 10.1172/JCI11064
33. Vergnolle N, Cellars L, Mencarelli A, Rizzo G, Swaminathan S, Beck P, et al. A
role for proteinase-activated receptor-1 in inflammatory bowel diseases. J Clin
Invest. (2004) 114:1444–56. doi: 10.1172/JCI21689
34. Chen D, Carpenter A, Abrahams J, Chambers RC, Lechler RI, McVey JH,
et al. Protease-activated receptor 1 activation is necessary for monocyte
chemoattractant protein 1-dependent leukocyte recruitment in vivo. J Exp
Med. (2008) 205:1739–46. doi: 10.1084/jem.20071427
35. Chen D, Xia M, Hayford C, Tham el-L, Semik V, Hurst S, et al. Expression
of human tissue factor pathway inhibitor on vascular smooth muscle
cells inhibits secretion of macrophage migration inhibitory factor and
attenuates atherosclerosis in ApoE−/− mice. Circulation. (2015) 131:1350–
60. doi: 10.1161/CIRCULATIONAHA.114.013423
36. Chen D, Li K, Tham EL, Wei LL, Ma N, Dodd PC, et al. Inhibition
of Angiopoietin-2 Production by Myofibrocytes Inhibits Neointimal
Hyperplasia After Endoluminal Injury in Mice. Front Immunol. (2018)
9:1517. doi: 10.3389/fimmu.2018.01517
37. Hollenberg MD, Saifeddine M, Sandhu S, Houle S, Vergnolle N. Proteinase-
activated receptor-4: evaluation of tethered ligand-derived peptides as probes
for receptor function and as inflammatory agonists in vivo. Br J Pharmacol.
(2004) 143:443–54. doi: 10.1038/sj.bjp.0705946
38. Kolpakov MA, Rafiq K, Guo X, Hooshdaran B, Wang T, Vlasenko L,
et al. Protease-activated receptor 4 deficiency offers cardioprotection after
acute ischemia reperfusion injury. J Mol Cell Cardiol. (2016) 90:21–
9. doi: 10.1016/j.yjmcc.2015.11.030
39. Lewis EC, Mizrahi M, Toledano M, Defelice N, Wright JL, Churg A, et al.
alpha1-Antitrypsin monotherapy induces immune tolerance during islet
allograft transplantation in mice. Proc Natl Acad Sci USA. (2008) 105:16236–
41. doi: 10.1073/pnas.0807627105
40. Subramanian S, Shahaf G, Ozeri E, Miller LM, Vandenbark AA, Lewis EC,
et al. Sustained expression of circulating human alpha-1 antitrypsin reduces
inflammation, increases CD4+FoxP3+ Treg cell population and prevents
signs of experimental autoimmune encephalomyelitis in mice. Metab Brain
Dis. (2011) 26:107–13. doi: 10.1007/s11011-011-9239-9
41. Aramaki O, Takayama T, Yokoyama T, Takano S, Akiyama Y, Shibutani S, et al.
High dose of antithrombin III induces indefinite survival of fully allogeneic
Frontiers in Immunology | www.frontiersin.org 12 June 2019 | Volume 10 | Article 1311
Peng et al. PAR4 Modulates Treg Function
cardiac grafts and generates regulatory cells. Transplantation. (2003) 75:217–
20. doi: 10.1097/01.TP.0000041781.94679.A1
42. Okada Y, Zuo XJ, Marchevsky AM, Nicolaidou E, Toyoda M, Matloff JM,
et al. Antithrombin III treatment improves parameters of acute inflammation
in a highly histoincompatible model of rat lung allograft rejection.
Transplantation. (1999) 67:526–8. doi: 10.1097/00007890-199902270-00006
43. Shrivastava S, Ma L, Tham el-L, H McVey J, Chen D, Dorling A.
Protease-activated receptor-2 signalling by tissue factor on dendritic cells
suppresses antigen-specific CD4+ T-cell priming. Immunology. (2013)
139:219–26. doi: 10.1111/imm.12073
44. Tsang JY, Tanriver Y, Jiang S, Xue SA, Ratnasothy K, Chen D, et al.
Conferring indirect allospecificity on CD4+CD25+ Tregs by TCR gene
transfer favors transplantation tolerance in mice. J Clin Invest. (2008)
118:3619–28. doi: 10.1172/JCI33185
45. Smyth LA, Ratnasothy K, Tsang JY, Boardman D, Warley A, Lechler R,
et al. CD73 expression on extracellular vesicles derived from CD4+ CD25+
Foxp3+ T cells contributes to their regulatory function. Eur J Immunol. (2013)
43:2430–40. doi: 10.1002/eji.201242909
46. Afzali B, Edozie FC, Fazekasova H, Scottà C, Mitchell PJ, Canavan JB,
et al. Comparison of regulatory T cells in hemodialysis patients and healthy
controls: implications for cell therapy in transplantation. Clin J Am Soc
Nephrol. (2013) 8:1396–405. doi: 10.2215/CJN.12931212
47. Wu CC, Wu SY, Liao CY, Teng CM, Wu YC, Kuo SC. The roles and
mechanisms of PAR4 and P2Y12/phosphatidylinositol 3-kinase pathway in
maintaining thrombin-induced platelet aggregation. Br J Pharmacol. (2010)
161:643–58. doi: 10.1111/j.1476-5381.2010.00921.x
48. Powell JD, Pollizzi KN, Heikamp EB, Horton MR. Regulation
of immune responses by mTOR. Annu Rev Immunol. (2012)
30:39–68. doi: 10.1146/annurev-immunol-020711-075024
49. Shrestha S, Yang K, Guy C, Vogel P, Neale G, Chi H. Treg cells require the
phosphatase PTEN to restrain TH1 and TFH cell responses. Nat Immunol.
(2015) 16:178–87. doi: 10.1038/ni.3076
50. Huynh A, DuPage M, Priyadharshini B, Sage PT, Quiros J, Borges CM, et al.
Control of PI kinase in Treg cells maintains homeostasis and lineage stability.
Nat Immunol. (2015) 16:188–96. doi: 10.1038/ni.3077
51. Yao Z, Kanno Y, Kerenyi M, Stephens G, Durant L, Watford WT, et al.
Nonredundant roles for Stat5a/b in directly regulating Foxp3. Blood. (2007)
109:4368–75. doi: 10.1182/blood-2006-11-055756
52. Furtado GC, Curotto de Lafaille MA, Kutchukhidze N, Lafaille JJ. Interleukin
2 signaling is required for CD4+ regulatory T cell function. J Exp Med. (2002)
196:851–7. doi: 10.1084/jem.20020190
53. Malek TR, Yu A, Vincek V, Scibelli P, Kong L. CD4 regulatory
T cells prevent lethal autoimmunity in IL-2Rbeta-deficient mice.
Implications for the nonredundant function of IL-2. Immunity. (2002)
17:167–78. doi: 10.1016/S1074-7613(02)00367-9
54. Brummel-Ziedins KE, Pouliot RL, Mann KG. Thrombin
generation: phenotypic quantitation. J Thromb Haemost. (2004)
2:281–8. doi: 10.1046/j.1538-7933.2003.00576.x
55. Leytin V, Allen DJ, Lyubimov E, Freedman J. Higher thrombin concentrations
are required to induce platelet apoptosis than to induce platelet activation. Br
J Haematol. (2007) 136:762–4. doi: 10.1111/j.1365-2141.2007.06503.x
56. Sambrano GR, Huang W, Faruqi T, Mahrus S, Craik C, Coughlin SR.
Cathepsin G activates protease-activated receptor-4 in human platelets. J Biol
Chem. (2000) 275:6819–23. doi: 10.1074/jbc.275.10.6819
57. Megyeri M, Makó V, Beinrohr L, Doleschall Z, Prohászka Z, Cervenak L,
et al. Complement protease MASP-1 activates human endothelial cells: PAR4
activation is a link between complement and endothelial function. J Immunol.
(2009) 183:3409–16. doi: 10.4049/jimmunol.0900879
58. Fields RC, Schoenecker JG, Hart JP, Hoffman MR, Pizzo SV, Lawson JH.
Protease-activated receptor-2 signaling triggers dendritic cell development.
Am J Pathol. (2003) 162:1817–22. doi: 10.1016/S0002-9440(10)64316-7
59. Pontrelli P, Cariello M, Rascio F, Gigante M, Verrienti R, Tataranni T,
et al. Thrombin may modulate dendritic cell activation in kidney transplant
recipients with delayed graft function. Nephrol Dial Transplant. (2015)
30:1480–7. doi: 10.1093/ndt/gfv129
60. Bayer AL, Yu A, Malek TR. Function of the IL-2R for thymic and peripheral
CD4+CD25+ Foxp3+ T regulatory cells. J Immunol. (2007) 178:4062–
71. doi: 10.4049/jimmunol.178.7.4062
61. Ohkura N, Kitagawa Y, Sakaguchi S. Development and
maintenance of regulatory T cells. Immunity. (2013) 38:414–
23. doi: 10.1016/j.immuni.2013.03.002
62. Sträter N. Ecto-5’-nucleotidase: structure function relationships. Purinergic
Signal. (2006) 2:343–50. doi: 10.1007/s11302-006-9000-8
63. Deaglio S, Dwyer KM, Gao W, Friedman D, Usheva A, Erat A, et al.
Adenosine generation catalyzed by CD39 and CD73 expressed on regulatory
T cells mediates immune suppression. J Exp Med. (2007) 204:1257–
65. doi: 10.1084/jem.20062512
64. Mandapathil M, Hilldorfer B, Szczepanski MJ, Czystowska M, Szajnik M,
Ren J, et al. Generation and accumulation of immunosuppressive adenosine
by human CD4+CD25highFOXP3+ regulatory T cells. J Biol Chem. (2010)
285:7176–86. doi: 10.1074/jbc.M109.047423
65. Strande JL, Hsu A, Su J, Fu X, Gross GJ, Baker JE. Inhibiting protease-
activated receptor 4 limits myocardial ischemia/reperfusion injury in rat
hearts by unmasking adenosine signaling. J Pharmacol Exp Ther. (2008)
324:1045–54. doi: 10.1124/jpet.107.133595
66. Fu S, YoppAC,MaoX, ChenD, ZhangN, ChenD, et al. CD4+ CD25+ CD62+
T-regulatory cell subset has optimal suppressive and proliferative potential.
Am J Transplant. (2004) 4:65–78. doi: 10.1046/j.1600-6143.2003.00293.x
67. Szanya V, Ermann J, Taylor C, Holness C, Fathman CG. The subpopulation
of CD4+CD25+ splenocytes that delays adoptive transfer of diabetes
expresses L-selectin and high levels of CCR7. J Immunol. (2002) 169:2461–
5. doi: 10.4049/jimmunol.169.5.2461
68. Ermann J, Hoffmann P, Edinger M, Dutt S, Blankenberg FG, Higgins
JP, et al. Only the CD62L+ subpopulation of CD4+CD25+ regulatory
T cells protects from lethal acute GVHD. Blood. (2005) 105:2220–
6. doi: 10.1182/blood-2004-05-2044
69. Schneider MA, Meingassner JG, Lipp M, Moore HD, Rot A. CCR7 is required
for the in vivo function of CD4+ CD25+ regulatory T cells. J Exp Med. (2007)
204:735–45. doi: 10.1084/jem.20061405
70. Venturi GM, Conway RM, Steeber DA, Tedder TF. CD25+CD4+ regulatory
T cell migration requires L-selectin expression: L-selectin transcriptional
regulation balances constitutive receptor turnover. J Immunol. (2007)
178:291–300. doi: 10.4049/jimmunol.178.1.291
71. Zhang N, Schröppel B, Lal G, Jakubzick C, Mao X, Chen D, et al.
Regulatory T cells sequentially migrate from inflamed tissues to draining
lymph nodes to suppress the alloimmune response. Immunity. (2009) 30:458–
69. doi: 10.1016/j.immuni.2008.12.022
72. Ouyang W, Liao W, Luo CT, Yin N, Huse M, Kim MV, et al. Novel Foxo1-
dependent transcriptional programs control Treg cell function. Nature. (2012)
491:554–9. doi: 10.1038/nature11581
73. Haxhinasto S, Mathis D, Benoist C. The AKT-mTOR axis regulates de
novo differentiation of CD4+Foxp3+ cells. J Exp Med. (2008) 205:565–
74. doi: 10.1084/jem.20071477
74. Sauer S, Bruno L, Hertweck A, Finlay D, Leleu M, Spivakov M, et al. T cell
receptor signaling controls Foxp3 expression via PI3K, Akt, and mTOR. Proc
Natl Acad Sci USA. (2008) 105:7797–802. doi: 10.1073/pnas.0800928105
75. Li D, D’Angelo L, Chavez M, Woulfe DS. Arrestin-2 differentially regulates
PAR4 and ADP receptor signaling in platelets. J Biol Chem. (2011) 286:3805–
14. doi: 10.1074/jbc.M110.118018
76. Wu CC, Wang WY, Wei CK, Teng CM. Combined blockade of
thrombin anion binding exosite-1 and PAR4 produces synergistic
antiplatelet effect in human platelets. Thromb Haemost. (2011)
105:88–95. doi: 10.1160/TH10-05-0305
77. Chen W, Jin W, Hardegen N, Lei KJ, Li L, Marinos N, et al. Conversion
of peripheral CD4+CD25− naive T cells to CD4+CD25+ regulatory T cells
by TGF-beta induction of transcription factor Foxp3. J Exp Med. (2003)
198:1875–86. doi: 10.1084/jem.20030152
78. Fantini MC, Becker C, Monteleone G, Pallone F, Galle PR, Neurath MF.
Cutting edge: TGF-beta induces a regulatory phenotype in CD4+CD25− T
cells through Foxp3 induction and down-regulation of Smad7. J Immunol.
(2004) 172:5149–53. doi: 10.4049/jimmunol.172.9.5149
79. Floess S, Freyer J, Siewert C, Baron U, Olek S, Polansky J, et al. Epigenetic
control of the foxp3 locus in regulatory T cells. PLoS Biol. (2007)
5:e38. doi: 10.1371/journal.pbio.0050038
80. Ohkura N, Hamaguchi M, Morikawa H, Sugimura K, Tanaka
A, Ito Y, et al. T cell receptor stimulation-induced epigenetic
Frontiers in Immunology | www.frontiersin.org 13 June 2019 | Volume 10 | Article 1311
Peng et al. PAR4 Modulates Treg Function
changes and Foxp3 expression are independent and complementary
events required for Treg cell development. Immunity. (2012)
37:785–99. doi: 10.1016/j.immuni.2012.09.010
81. Polansky JK, Kretschmer K, Freyer J, Floess S, Garbe A, Baron U, et al.
DNA methylation controls Foxp3 gene expression. Eur J Immunol. (2008)
38:1654–63. doi: 10.1002/eji.200838105
82. Feuerer M, Hill JA, Kretschmer K, von Boehmer H, Mathis D, Benoist C.
Genomic definition of multiple ex vivo regulatory T cell subphenotypes. Proc
Natl Acad Sci USA. (2010) 107:5919–24. doi: 10.1073/pnas.1002006107
83. Hill JA, Feuerer M, Tash K, Haxhinasto S, Perez J, Melamed R, et al.
Foxp3 transcription-factor-dependent and -independent regulation of the
regulatory T cell transcriptional signature. Immunity. (2007) 27:786–
800. doi: 10.1016/j.immuni.2007.09.010
84. Shevach EM, Thornton AM. tTregs, pTregs, and iTregs: similarities and
differences. Immunol Rev. (2014) 259:88–102. doi: 10.1111/imr.12160
85. Selvaraj RK, Geiger TL. A kinetic and dynamic analysis of
Foxp3 induced in T cells by TGF-beta. J Immunol. (2007)
178:7667–77. doi: 10.4049/jimmunol.178.12.7667
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2019 Peng, Ratnasothy, Boardman, Jacob, Tung, McCluskey, Smyth,
Lechler, Dorling and Lombardi. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Immunology | www.frontiersin.org 14 June 2019 | Volume 10 | Article 1311
